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Package-3 unconformities identified by Bart and Anderson (1995) were mapped 
to evaluate their glacial unconformity interpretation using a regional grid of single 
channel seismic data from the Antarctic Peninsula outer continental shelf. Detailed 
correlations show many crosscutting relationships within Package 3 such that the 
unconformities and units they bound are not regionally continuous across the margin. 
Comparison of Package-3 unconformities with the modern bathymetry reveals that cross-
shelf trough and bank morphology is absent, which indicates that ice streams probably 
did not exist on the shelf during Package-3 time. On the continental shelf, only the 
middle part of Package 3 is sampled at ODP Leg 178 sites (1097 and 1103 on the 
southern and northern sectors of the margin, respectively.) Although mapping results do 
not uniquely require/preclude ice sheet grounding, taken together, the diamict lithology 
and crosscutting supports the interpretation of waxing and waning of grounded ice on the 
outer continental shelf.  
Chronostratigraphic resolution at Leg 178 sites on the continental shelf is too 
coarse to allow unconformity-to-unconformity correlations between Package-3 strata 
sampled at the two shelf drill sites. At most, fifteen (15) Package-3 glacial 
unconformities are found at any one location, and this represents the most conservative 
estimate of the maximum number of grounding events from the perspective of regional 
shelf stratigraphy. Basinward of the continental shelf, coeval section sampled on 
continental-rise drift 6 at ODP site 1095 exhibits distinct meter-scale bioturbation events, 
capping thick (up to 20 m) unbioturbated section, interpreted to result from >30 glacial 
episodes. The large difference between the minimum estimate of shelf grounding events 
 ix
(15) and the number of glacial cycles deduced from drift lithology (30) suggests either 1) 
amalgamation of shelf glacial unconformities, or 2) lithologic alternations on the rise 
reflect phenomena unrelated to grounding events. Chlorite-smectite covariance at drift 6, 
interpreted to represent ~16 glacial episodes, shows much better correspondence to the 
minimum number of Package-3 glacial unconformities. However, the poor covariance 
between the two drift-derived proxies (bioturbation and clay mineralogy) demonstrates 
that one or both may be recording something other than grounding events on the adjacent 
shelf. 
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Chapter 1. Introduction 
Though complete melting of the Antarctic Peninsula Ice Sheet (APIS), the 
smallest of the three-part Antarctic cryospheric system, would result in only centimeter-
scale global sea-level rise (estimate based on data from Drewry et al., 1982; Drewry, 
1983; Oerlmans and van der Veen, 1984; summarized in Denton et al., 1991), its 
northernmost position suggests that it should be highly sensitive to global climatic change 
and therefore serve as a gauge of the effects of climate fluctuation on ice-volume. 
However, due to the effect of climatic isolation and equalization of the Antarctic 
Continent by the Antarctic Circimpolar Current (ACC) in the Southern Ocean (Barker 
and Camerlenghi, 2002), the relationship between past APIS fluctuations and those of the 
larger East and West Antarctic Ice Sheets (EAIS and WAIS) is unclear. Moreover, the 
effects of fluctuations of the vastly larger  EAIS and WAIS on proxy records, such as the 
oxygen isotope record (e.g., Shackleton and Opdyke, 1976; Shackleton and Hall, 1984; 
Abreu and Anderson 1998) and the sea level curve (Haq et al., 1987; Mitchum et al., 
1994), may mask the relatively small signal associated with fluctuations in volume of the 
APIS. A clear understanding of the relationship of fluctuations of the APIS to the rest of 
the Antarctic cryospheric system should provide us with a tool for assessing the effects of 
climate change on Antarctic ice volumes. 
Large-scale basin and bank bathymetric features of the Antarctic Peninsula's 
Pacific margin provide strong evidence that large, cross-shelf ice streams drained a much 
larger ice sheet during Quaternary glacial maximums (Figure 1). Recent multi-beam work 
confirms that streaming ice probably extended to the shelf edge on the northern Antarctic 
Peninsula (e.g., Canals et al., 2000; Heroy, 2003; Dowdeswell et al., 2004), at least 

































Figure 1. The study area. (Inset) The Antarctic continent with the study area indicated. The East 
Antarctic, West Antarctic and Antarctic Peninsula Ice Sheets (EAIS, WAIS and APIS, 
respectively) are labeled. Bathymetry of the Antarctic Peninsula after Rebesco et al. (1998) with 
the slope drifts highlighted from Barker and Camerlenghi (2002).  On the shelf, light colors are 


























immediately prior to the most recent retreat of the Antarctic Peninsula Ice Sheet (APIS) 
from the outer continental shelf (Stokes and Clark, 2001). In the subsurface, horizons 
imaged on high-resolution single-channel seismic (SCS) data that are interpreted to be 
unconformities based on crosscutting stratal relationships suggest a long history of 
glaciation with numerous advances of the Antarctic Peninsula Ice Sheet (APIS) (Bart and 
Anderson, 1995). However, because pre-1995 SCS data grids are not dense and no drill 
sites sampled the section (ODP Leg 178 sites were drilled in 1998), it has not been 
possible to map individual seismic unconformities to either confirm or refute 1) the 
subglacial-unconformity interpretation of these crosscutting reflections (Bart and 
Anderson, 1995) or 2) the dynamics of grounding zone migration. Moreover, estimating 
the exact timing of the grounding events has been problematic because of the lack of age 
control. 
On the Antarctic Peninsula outer continental shelf, the prograding sedimentary 
wedge has been divided into four seismic stratigraphic units (S1, S2, S3 and S4 of Larter 
and Barker, 1989; Packages 1, 2, 3, and the lowermost ‘tectonized strata’ from Bart and 
Anderson, 1995; Table 1). The two upper seismic stratigraphic packages are well imaged 
on 2D seismic data. On the basis of foredeepening and cross cutting stratal relationships 
generally matching the scale of bathymetric troughs of the modern seafloor (Figure 1), it 
is clear that these near-surface units were deposited during periods of grounded ice-sheet 
advance to the shelf edge (Larter and Barker, 1989; Bart and Anderson, 1995; etc.). The 
glacial interpretation of Package-3 reflections is much less certain (Larter et al., 1997) 
because these unconformities do not exhibit foredeepening (i.e., the section dips 
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Table 1.  Correlation of continental shelf stratigraphy from Larter and Barker (1991) 




overlying section. Moreover, because of the patchy nature of Package-3 surfaces (due to 
downcutting by Package 1 and 2 and intersection with the water bottom multiple (WBM), 
the stratigraphic continuity (as can be mapped with the existing seismic grid) is too 
limited to confidently exclude other interpretations of Package-3 horizons (e.g. erosion 
by open marine shelf currents or sub-aerial exposure, etc.) and to confidently establish 
regional correlations (i.e. the number of advances.) 
One objective of ODP Leg 178 to the Antarctic Peninsula Pacific margin was to 
determine the antiquity of glaciation in the marine environment. However, seismic 
correlation to ODP Sites 1097 and 1103 shows that only the middle part of Package 3 
was sampled on the shelf. These Package-3 sediments contain diamicton (glacially-
influenced sediments), which suggested to the Shipboard Scientific Party (1999) that 
glacially influenced sedimentation occurred in the region. Barker and Camerlenghi 
(2002) concluded that the sampled intervals in Package 3 represent a range of 
environments associated with a fully modern glacial system. Although this supports the 
Package-3 glacial-unconformity interpretation of Bart and Anderson (1995), the lithology 
at these two locales is inconclusive because diamicton can be deposited within a number 
of environments (i.e., there is no a priori genetic relationship between diamicton and 
specific glacial setting) (e.g., Carey and Ahmad, 1961; Anderson, 1972; Anderson et al., 
1983; Anderson, 1999). 
Barker and Camerlenghi (2002) also emphasize three lines of evidence for outer 
continental shelf grounding intervals during Package-3 time from ODP Leg 178 site 
1095, which sampled a base of continental slope drift. This includes:  1) occurrence of 
ice-rafted detritus (IRD); 2) distinct clay mineralogy fluctuations (Hillenbrand and 
 6
Ehrmann, 2002); and 3) discrete zones of intense bioturbation (Barker et al., 1998; 
Shipboard Scientific Party, 1999a and 199b; Eyles et al., 2002). However, it is not yet 
clear how to separate the effects of ocean circulation on drift sedimentology from 
processes associated with waxing and waning of grounded ice on the adjacent Antarctic 
Peninsula continental shelf. For example, IRD recovered at ODP Leg 178 drift sites may 
have been delivered to the western Antarctic Peninsula by east drifting ice bergs calved 
from distant east or west Antarctic margins (e.g., Wilkes Land, Ross Sea, or Pine Island 
Bay) (Cooke and Hays, 1982; Wise et al., 1991; Anderson, 1999). Other sedimentary 
characteristics of drift sediments may be related to long-term fluctuations in seasonal sea-
ice formation, variations in the intensity of circum-polar deepwater current, etc., none of 
which may be related to grounding zone fluctuation on the Antarctic Peninsula outer 
continental shelf. The primary issue is whether it is possible to uniquely relate 
continental-rise sedimentology to specific land- and marine-based glacial conditions on 
the Pacific margin of the Antarctic Peninsula.  
This study will use a regional grid of 2D seismic data to address the following 
questions: 
1) Did grounded ice advance to the Pacific-margin shelf edge during Package-3 
time? If so, what was the style of glaciation? 
2) How many advances occurred during Package-3 time? 
3) How does activity on the Antarctic Peninsula outer continental shelf relate to drift 
sedimentology?  
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Chapter 2. Methods 
Three lines of evidence will be investigated to evaluate the glacial unconformity 
interpretation of Package-3 unconformities and units. First, the 2d and 3d stratal 
geometry of the horizons will be imaged on seismic data. Second, morphology of the 
Package-3 horizons will be compared to the seafloor morphology. Third, sedimentologic 
data from Package-3 section drilled on the shelf, rise and abyssal plain will be evaluated. 
If Package-3 strata were deposited under a similar glacial regime to the Quaternary, then 
the following features should be observed: 
1) Cross-cutting stratal relationships associated with ice-sheet advance over 
grounding-zone deposits; 
2) Broad, cross-shelf trough and bank features matching the scale of modern (i.e., 
seafloor) troughs and banks; 
3) A sedimentologic signature of glacial advance and retreat, and 
4) A correspondence between the timing and number of glacial advance/retreat on 
the shelf (glacial unconformities) and that sedimentologically manifest on the 
basin floor (i.e., slope and abyssal plain).  
A grid of seismic reflection profiles composed of three data sets including the 
existing PD90 and PD88 data sets as well as the recently collected NBP02 seismic data 
grid are used in this study (Figure 2). The stratigraphic interpretations of Bart and 
Anderson (1995) (generated from the PD88 and PD90 data sets) were correlated to the 
NBP02 seismic profiles. Time structure contour maps of Package-3 horizons were 
generated from these three seismic grids. To match the scale and data distribution of 
these maps for accurate comparison with maps of subsurface horizons, a bathymetric map 
 8
was created using the same data set. Package-3 stratal surfaces and units were also 
correlated to lithologic and age control at ODP Leg 178 drill sites on the shelf to assess 
the glacial setting and timing of Package-3 grounding events (advance and retreat of ice) 
inferred from seismic unconformities. Finally, Package 3 strata on the shelf are compared 
with coeval section from ODP Leg 178 and DSDP Leg 35 drill sites on the rise and 
abyssal plain.  
2.1. Seismic Data Set 
Three SCS data sets (PD88, PD90 and NBP02) as well as published profile I95-
152 of the Shipboard Scientific Party (1999) (Figure 2, see Appendix E for a complete 
map of line locations) provide regional strike and dip coverage of the outer continental 
shelf sedimentary wedge of sufficient density to allow 3D mapping of Package-3 stratal 
surfaces. The NBP02 data set provides regional strike control which previously was 
limited to a single transect (i.e., PD88-B). 
Single channel seismic data acquisition has the advantage that this equipment 
(streamer and source) can be towed close to ship. This configuration is necessary when 
cruising through heavy sea ice conditions which are common on the Antarctic shelves. 
Additionally, SCS data provides better thin bed resolution than high volume sources used 
in multi-channel seismic (MCS) acquisition arrays.  
In 1988, a regional grid of approximately 3800 km of intermediate-resolution SCS 
reflection data was acquired across the Antarctic Peninsula outer continental shelf on 
board the R/V Polar Duke (PD88). Most of this seismic data was shot with either one or 
two 100 cubic inch water guns. Additional data was collected in 1990, (PD90) also on 
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Figure 2. The data set including existing data (i.e., PD88 and PD90 ) and the new data acquired on 
board the RV Nathaniel B. Palmer in 2001 (NBP02 seismic lines). Drill sites of ODP Leg 178 
(sites 1097, 1100, 1101, 1102 and 1103), drilled in 1998 and DSDP Leg 35 (sites 325 and 
322) are shown as well.  NBP0201-3 (Figure 9) crossed ODP site 1103, while site 1097 





source. The only processing of the data involved using a Butterworth filter with cut-offs 
at 30 Hz and 200 Hz to improve signal to noise ratio. The water bottom multiple and a 
seabed reflection of 3 to 6 oscillations could not be removed despite attempts at 
processing them out (Bart, 1993).  
In 2001, a regional grid of strike-oriented transects (NBP02) was acquired along 
the outer continental shelf on board the R/V Nathaniel B. Palmer with a 100 cubic inch 
air gun as the source. The data was filtered and plotted in a way to match the PD88 and 
PD90 data sets. Survey design was chosen to complement the existing data set by 
increasing coverage in a way that would allow 3-D topography of Package-3 reflections 
and units to be mapped.  
2.2. Correlation of Seismic Stratigraphy to the New Data 
The line-drawing seismic interpretations of Bart and Anderson (1995) were first 
posted to copies of the original seismic profiles printed on shipboard EPC printers during 
the 1988 and 1990 cruises (i.e., the PD88 and PD90 data sets). These interpretations were 
then correlated to the entire data set, including the recently acquired strike-line grid (i.e., 
NBP02). Accurate tie points between seismic profiles were established by computer 
plotting using the Generic Mapping Tool (GMT) software. This level of accuracy was 
important because of the low relief and small contour interval expected for mapping 
Package-3 horizons.  
Correlations are based on a model of truncation up-dip and deposition down-dip, 
so that reflectors that demonstrate this pattern are correlated laterally. In some places, 
horizons are traced along terminations of underlying reflectors, rather than along a 
reflector. To establish crosscutting relationships, an iterative process of tracing beds 
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around loops defined by adjacent dip-oriented and strike-oriented seismic profiles was 
performed to confirm that laws of superposition were not violated. The regional-scale 
loop-checked correlations were also checked against available chronostratigraphy from 
ODP Leg 178 sites.  
2.3. Mapping 
Data points (time elevations with respect to sea level) were hand-measured on 
analog (i.e., paper) seismic profiles. Bathymetry and cruise track navigation data from the 
NBP02 cruise was provided by the shipboard technical staff as electronic data files. The 
data were posted at 15-minute (ship time) intervals. On the PD88 and PD90 data sets, 
global positioning was hand-noted on the paper seismic profile at 30-minute intervals. To 
increase the data density to 15-minute intervals, intermediate points were hand measured 
and ship position was linearly interpolated.  
Base maps were generated in polar stereographic projection using the GMT 
software. Because computer contouring does not work well with regional-scale seismic 
grids (i.e., 20 km spacing between adjacent lines), the horizon-elevation data were hand-
contoured at 20 millisecond contour intervals. The hand-contoured maps were then 
digitized using the Didger tablet digitizing software package available in the LSU 
Department of Geology and Geophysics, which allows the geographical positioning 
information to be maintained in the final map data file. 
2.4. Correlation of Seismic Profiles to Drill Sites 
Age and lithologic control for Package 3 are provided by ODP Leg 178 sites on 
the continental shelf. To convert ODP drill depth to two-way seismic travel time, 
published velocity models for depth conversion for ODP Leg 178 drill sites were 
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evaluated. Detailed velocity and depth migration profiles of shelf sites 1100, 1102 1103 
(on the continental shelf in the north of the study area) are provided by Tinivella et al. 
(2001) and by Moerz et al. (2001). No velocity profile has been published for site 1097 in 
the south, so an adequate approximation must be made (given limited data from the drill 
site). On the basis of my evaluation of available velocity information from the Antarctic 
Peninsula as well elsewhere on the Antarctic shelves, I use a velocity of 2200 m/s for 
Package 1 and Package 2, and 2900 m/s for Package 3, to convert drill depth to two-way 
travel time (see Appendix A for discussion and citations.) 
2.5. Correlation of Package 3 to Drift and Abyssal Sites 
The glacial unconformities within Package-3 at shelf drill sites were compared to 
the coeval section at drift sites 1095, 1096 and 1101 (ODP Leg 178) and inter-drift rise 
site 325 and abyssal plain site 322 (ODP Leg 35). The primary source for age control at 
the continental shelf sites is the stratigraphic column of Barker and Camerlenghi (2002), 
which is a compilation of previous work and establishes age control based on diatom 
zones A. ingens var. ovalis and T. Inura, and 40Ar/39Ar age dating (the Shipboard 
Scientific Party, 1999, Di Vencenzo et al., 2001). The age of correlative section at drift 
sites 1095, 1096 and 1101 is determined using the biostratigraphy from the shipboard 
scientific results of the Shipboard Scientific Party, 1999, post-cruise studies of 
radiolarians of Lazarus (2001) and magnetostratigraphy of Acton et al. (2002). The 
chronostratigraphy at sites 322 and 325 is summarized by Craddock and Hollister (1976).  
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Chapter 3. Results 
3.1. Package 3 Correlation 
The stratigraphy of Bart and Anderson (1995), based on their interpreted profile 
PD88-B (Figure 3), was correlated to the NBP02 data set using the published dip-profile 
interpretations of those authors (e.g., PD88-4, Figure 4) and correlation of the 
interpretations from PD88-B (Figure 3) to unpublished dip profiles of the PD88 data set 
(e.g., PD88-2, Figure 5). Examples of the correlations to the new data set are shown in 
the southern segment of outer shelf profile NBP02-5 (Figure 6) and inner-shelf profile 
NBP02-6 (Figure 7).  
The seismic reflection profiles in the NBP02 data match the PD88 and PD90 data 
sets well despite some differences in the data quality. The strong seabed oscillations seen 
on the PD88 data (an artifact of the water guns which is not repeated in subsurface 
reflections, Figure 3) are not present on the newer data, and the resolution of NBP02 data 
is better, though there is a fairly strong bubble-pulse doublet in some of the profiles of 
both data sets (e.g., Figures 3 and 6). The stratigraphic level of interest to this study was 
generally imaged with greater resolution on the newer data (i.e., more Package-3 
reflections are noted on NBP02 profiles than are observed on PD90 and PD88 profiles at 
the places where NBP02 and PD88/90 profiles cross). Generally speaking, the primary 
reflection pattern matches well at cross lines between the various data grids. 
3.2. Package 3 Stratal Relationships from 2D Seismic Data 
Seismic coverage does not continuously image a single Package 3 horizon across 
the area, i.e., there are major gaps between the southern, central, and northern segments 
(Figure 8). As noted on PD88-B by Bart and Anderson (1995), the wide gap associated 



























































































Figure 3. Seismic profile PD88-B, interpreted (top) and uninterpreted (bottom). See 
figure 2 for location. Interpretations after Bart and Anderson (1995). The segment of 

































































Figure 4. Seismic profile PD88-4, interpreted (top) and uninterpreted 
(bottom). See Figure 2 for location. Interpretations after Bart and Anderson 

























































































































































































































































Figure 6. The southern segment of seismic profile NBP02-5, interpreted (top) and 





















































Figure 7. Seismic profile NBP02-6, interpreted (top) and uninterpreted 
(bottom). See figure 2 for location. The segment of NBP02-6 shown in 
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Figure 8.  Package 3 distribution. Outer solid lines indicate the lateral extent of Package-3 southern, 




with down cutting at a base of Package 2 unconformity separates Package-3 horizons into 
southern and central Package 3 segments across the outer continental shelf. The gap 
somewhat narrows at NBP02-3 (Figure 9). On PD88-B (Figure 3), a narrow gap separates 
the central from northern segments where unconformity 3.2 (and obviously underlying 
section) projects below the WBM for a short distance along the strike of the outer 
continental shelf. The gap between the central and northern segment narrows on up-dip 
strike profile NBP02-3 (Figure 9). On basinward-most regional strike profile NBP02-5 
(Figures 6, 10 and 11), separation between southern, central and northern segments are 
defined by Package-3 morphologic shelf breaks (i.e., Package-3 horizons exhibit foreset 
geometries, and wide gaps of seismic wash-out are inferred to represent steeply dipping 
upper slope strata) and intersection with the WBM. Because of the limited extent of 
Package-3 unconformities, direct regional unconformity-to-unconformity correlations 
cannot be established between southern, northern and central segments. 
Generally speaking, Package 3 reflectors on inner-shelf strike-oriented seismic 
profiles are truncated along-strike by deep glacial incision by Package-2 reflectors or 
stratigraphically-younger Package-3 reflectors, (Figure 9). On outer shelf strike-oriented 
seismic profiles, Package-3 reflectors generally terminate in regions of seismic wash-out, 
most likely caused by dip at high angle corresponding to a morphological shelf break 
(Figure 6). Reflections lower in the section generally dip below the WBM on inner-shelf 
strike profiles. On dip-oriented seismic profiles, inner-shelf terminations of Package-3 
unconformities correspond to the locations where these horizons are truncated at the 
seafloor or by younger reflectors near the sea-floor, while reflections terminate basinward 
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Figure 9. Seismic profile NBP02-3, interpreted (top) and uninterpreted (bottom). See Figure 2 
for location. Terminations of Package-3 unconformities by Package-2, other Package 3 














































































































Figure 10. The central segment of Seismic profile NBP02-5, interpreted (top) and 






















































































Figure 11. The northern segment of Seismic profile NBP02-5, interpreted (top) and 
uninterpreted (bottom). See Figure 2 for location.
SW NE
Base of Package 2
23
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are examples of Package-3 reflectors that are located in only one or two places along the 
shelf, i.e., the horizons are of very limited extent (Figure 12). Unconformity 3.3 is an 
example of a Package-3 reflector that was interpreted by Bart and Anderson (1995) to 
occur in the southern, central and northern Package-3 segments based on counting of 
reflections (Figure 13).  
Within the southern segment, 15 unconformities are observed based on 
crosscutting relationships (Table 2). This is broken up into a younger section to the south 
overlying a deep incision into older section by unconformity 3.9 (Figures 3). The oldest 
section is thickest in this area, and this is the only area where unconformities 3.16, 3.17 
and 3.18 are observed. Ten unconformities are observed in the central segment (Table 2). 
In the northern segment, 11 unconformities are counted (Table 2). This northern section 
is separated into a younger section, which is deeply incised by unconformities at the base 
of Packages 1 and/or 2, and older section, with horizons that dip below the WBM, onlap 
basement, or are truncated by younger Package-3 unconformities (Figures 3, 11).  
Unconformities 3.4 and 3.17 are examples of non-extensive unconformities, 
recognized by Bart and Anderson (1995) on PD88-B (Figure 3), which are included in 
the stratigraphy those authors. On outer shelf profile NBP02-5 (e.g., Figure 6), near 
where a morphologic shelf break is imaged, additional reflections that are not included in 
the stratigraphy of Bart and Anderson (1995) are noted. These do not exhibit crosscutting 
on the outer-most continental shelf regional strike lines. Likewise, in a landward 
direction, additional reflections are noted within Package-3 units as well as stratified 
section older than 3.18 (the oldest Package-3 unconformity) are noted (Figures 7 and 
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Figure 13. Unconformity 3.3 with terminations (i.e., points at which the surface is truncated) labeled. 





























































Table 2. Unconformities observed in each segment of the study area. Based on the seismic 
stratigraphy of Bart and Anderson (1995) with adjustments made by this study based on the 









































Figure 14. Seismic profile NBP02-8, interpreted (top) and uninterpreted (bottom). See Figure 2 



































Package 3 unconformities truncate underlying horizons at all stratigraphic levels 
(Figures 15). Truncated surfaces include other Package 3 unconformities, bedding within 
units, and, at the deepest stratigraphic level, horizons of the underlying ‘tectonized 
strata.’ Fewer truncations are seen where strike profiles image unconformities at or just 
before the morphological shelf break.  
3.3. Package 3 Structure Mapping Results 
Generally speaking, time-structure contour mapping of the horizons was 
successful using the additional strike-line control from NBP02. In the best case, a single 
horizon was traceable across up to four strike profiles and multiple dip profiles. More 
commonly, unconformities were traceable on two strike profiles and two to three dip 
profiles. The along-strike seismic facies of Package 3 varies from steep-sided units with 
chaotic internal structure and steeply dipping internal bedding on the inner shelf (i.e., up-
dip) (e.g., NBP02-6, Figure 7), to parallel unconformities bounding parallel-bedded units 
near the shelf edge (e.g., NBP02-5 southern segment, Figure 6). 
In the south, where the foreset pattern is imaged on inner shelf (i.e., up-dip) strike 
profiles NBP02-6 and NBP02-8 (Figures 7 and 14, respectively), the pattern of truncation 
is distinct and horizons define broad, non-reflective to chaotically reflective units with 
steep sides. In a basinward direction, where NBP02-5 (Figure 6) crosses PD88-4 (Figure 
4) at or near a morphologic shelf break, Package-3 horizons exhibit parallel, highly 
reflective facies, a morphologic shelf break to the southwest, and dip below the WBM to 
the northeast.  
In the central segment, NBP02-5 turns from the inner shelf and runs oblique to the 
shelf edge (oriented along-strike up-dip, then oriented obliquely to the shelf edge), 
Figure 15. Truncational pattern of Package-3 Unconformities. a) Segments of strike-oriented 
seismic profiles PD88-B (top, see Figure 3 for location) and NBP02-6 (bottom, see Figure 7 
for location) with arrows indicating where  unconformity 3.9 truncates underlying horizons. 
Figures 15b through 15f are time-structure contour maps of Package-3 unconformities with 
lateral terminations indicated by arrows and labels describing the termination type. 
Underlying horizons that are truncated are indicated by an arrow with a solid bar and the 
unconformity number, if applicable. b) Southern segment of unconformity 3.9; c) Central 
segment of unconformity 3.1; d) Southern segment of unconformity 3.3; e) Northern 







































































































































































































































































































































between dip profiles PD88-9 and PD88-10 (Figure 2).  Horizons on this profile can be 
traced from an updip strike profile to a down-dip oblique profile, where they reach a 
morphologic shelf edge. The seismic facies demonstrates a marked change from updip 
along-strike pattern of truncations to parallel, highly reflective facies as they approach a 
morphologic shelf break (Figure 10).  
In the north, horizons dip steeply basinward. Inner-shelf strike profiles NBP02-3 
and PD88-B (Figures 6 and 9, respectively) image a pattern of truncation and units show 
a chaotic to non-reflective internal structure. Down-dip, where strike profile NBP02-5 
(Figure 11) crosses dip profiles PD88-11 and PD88-12 (Figures 16 and 17, respectively) 
near a morphologic shelf break, horizons are more continuous, and units show parallel 
internal reflection. Younger horizons imaged farther landward on NBP02-5 show more 
truncations. Horizons lower in the section, and to the northeast where a morphologic 
shelf break is reached southeast of I95-152 (Figure 18), are more parallel. 
3.4. Sea Floor Bathymetry 
Bathymetric contour mapping in two-way travel-time based on the seismic data 
sets shows the trough and bank morphology left by recent ice sheet advance (Figure 19). 
Comparison of this map to the bathymetry of Rebesco et al. (1998) (Figure 1) reveals 
similarity in bathymetry. For example, Marguerite Trough is very similar. However, the 
higher contour interval and focus on the outer continental shelf of the bathymetry map of 
this study (Figure 19) images the trough and bank morphology with greater detail. A 
series of troughs and banks trend perpendicular or oblique with respect to the coast, and 

























Figure 16. Seismic profile PD88-11, interpreted (top) and 
uninterpreted (bottom). See Figure 2 for location. 
























































Figure 17. Seismic profile PD88-12, interpreted (top) and uninterpreted 



















































































































































































































































Figure 19.  Bathymetric contour map in 2-way travel-time of sound through water. 
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Marguerite Trough, the broadest of the troughs in the modern sea floor, is over 
225 km wide (Figures 1 and 19). The top of the southern bank to the axis of the trough is 
150 km wide with a bank-trough relief of 320+ msec (240 m). The northern bank is 75 
km wide with a bank-trough relief of 340+ msec (255 m). Five troughs are noted to the 
north, and these troughs range in width from ~135 in width (trough 5), to ~35 km in 
width (trough 2). The narrowest troughs all show over ~300 msec (225 m) of relief.  
3.5. Comparison of Package 3 Contour Maps to Bathymetry 
Some Package-3 stratal surfaces have lateral extent similar to that of an individual 
trough (i.e. bank-crest to bank-crest) on the sea floor (Figures 20).  The distance between 
Package-3 segments is of similar dimensions to the dimensions of the modern 
bathymetric troughs. However, the Package 3 unconformities do not show similar 
morphology to the modern sea floor. The horizons dip steeply basinward and along-strike 
relief is not of a similar magnitude to that of the modern sea floor, and is not continuous 
along dip. Time-structure contour maps of Package-3 reflectors are not adjusted for 
velocity increase with depth (depth migration), lateral variation in velocity, compaction, 
or post-subsidence basinward tilt. 
The southern segment of unconformity 3.3 (Figure 20a) shows trough 
morphology updip, with relief of 140 msec over 30 km, and flattening downdip before a 
morphologic shelf break. The up-dip projection of the central segment is removed due to 
truncation, but down-dip a broad, relatively flat area is mapped before the morphologic 
shelf break is reached. The northern segment of unconformity 3.3 dips steeply, with 200 
msec relief over 35 km and, though bank-to-bank morphology is not imaged, there is an 
up-dip U-shape of the horizon.   
Figure 20. Bathymetry map with the time-structure contour maps of Package-3 
unconformities offset from their actual position to compare bank/trough geometry and 
dimensions of the gaps between Package-3 unconformity segments. Significant troughs labeled 
1-6 from southwest to northeast. a) unconformity 3.3; b) unconformity 3.8; c) unconformity 3.9; d) 
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Unconformity 3.8 (Figure 20b) is only represented in the north and shows 
uniform basinward dip with two distinct morphological banks. Relief of 100 msec over 
40 km bank-to-bank is evident up-dip, but the feature broadens out and the northern bank 
flattens out so that a full bank-to-bank basinward extent cannot be distinguished 
basinward. 
The southern segment of unconformity 3.9 (Figure 20c) shows a morphological 
trough broadening from 160 msec relief over 40 km up-dip to 100 msec relief over 50 km 
downdip (from the high in the south to the low in the north). The central segment of 
unconformity 3.9 is divided into 2 segments. The southern portion is not wide enough to 
quantify well, but it shows the suggestion of a U-shape up-dip, broadening and flattening 
and culminating in a lobate form down-dip. Up-dip, the northern portion of the central 
segment dips steeply with 120 msec relief over 20 km, with a suggestion of a U-shape, 
and broadens down-dip with 80 msec of relief over 50 km. 
The southern segment of unconformity 3.13 (Figure 20d) is of very limited in 
extent, with little or no along-strike variability up-dip, but showing the flattening and 
transition to lobate form down-dip that is typical of Package 3 unconformities in the 
south. The northern segment of unconformity 3.13 is one of the most extensive 
unconformities in the north and shows the uniform steep basinward dip of older 
unconformities in the north of the study area. It is undulatory across it length, with 
topography updip varying by as much as 140 msec over 50 km (bank to bank), 
broadening to 80 msec relief and 60 km wide downdip. 
Unconformity 3.16 (Figure 20e), which is only interpreted in the southern 
segment, is very extensive with generally undulatory morphology but lacks distinct bank 
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morphology. It shows the general topography observed for southern segment 
unconformities, including basinward dip that flattens out and transitions to a lobate 
geometry before reaching a morphologic shelf break. Some U-shaped trough-to-bank 
morphology is observed to the south before intersection with the WBM, with 120 msec of 
relief over 25 km from morphological trough axis to bank crest. 
The observed time-structure relief variation of package-3 horizons may be 
distorted (with respect to the actual depth structure) by between 50% and 70% due to 
inferred higher subsurface seismic velocities of between 2200 m/s and 2900 m/s (see 
Appendix A for a discussion), compared to 1500 m/s velocity of sound in water (i.e., the 
actual relief variation for subsurface horizons is less than that observed). Even doubling 
the observed Package-3 time-structure, as a rough depth migration, shows subsurface 
structure subdued by at least a third below the modern bathymetry. Additionally, 
velocities are not laterally homogeneous due to bathymetric variations (i.e., seismic 
energy traveling farther in lower-velocity water column) and variations in thickness of 
overlying, lower-velocity Package-2 sediments. However, Package-3 horizons are 
generally offset from bathymetric troughs (where down-cutting truncates Package-3 
horizons) and relief variations do not show a similar pattern to that of the seafloor. 
Finallly, although the Package-3 strata probably have undergone compaction, because 
there is no significant superposition of low-relief banks and troughs (i.e., horizons are 
continuous from trough to bank), and therefore there is no reason to expect consistent 
differences in lithology between banks and troughs of Package-3 strata, compaction 
probably was differential in a way consistent with the observed relief.  
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3.6. Correlation to Shelf Drill Sites 
On the basis of seismic correlation, Units 3.4, 3.10, 3.11, 3.12, 3.13 and 3.14 are 
sampled at site 1097 and Units 3.8, 3.13 and 3.14 are sampled at site 1103 (Figure 21). 
Appendix C describes the one-for-one correspondence between the stratigraphy of Larter 
and Barker (1989), used by other workers to describe ODP Leg 178 shelf drill sites (i.e., 
Shipboard Party, 1999; Eyles et al., 2001; etc.) and the stratigraphy of Bart and Anderson 
(1995), used in this study. As shown on seismic profile I95-152 (Figure 18) and NBP02-3 
(Fig 9), shelf sites 1100 and 1102 do not sample Package 3. Sedimentary facies at sites 
1097 and 1103 are described and interpreted by the Shipboard Scientific Party (1999) and 
by Eyles et al. (2001). 
At Site 1097, recovery within Package 3 was poor (16%).  At site 1103, recovery 
improved from 2.3% above 247 mbsf to 34% for the bottom 115 m of the core, 
corresponding approximately to Package 3 units (Shipboard Scientific Party, 1999). 
Similar increased recovery in Package 3 was reported at Site 1103. Massive, matrix-
supported diamict (throughout Package 3 sediments) were recovered at both sites 
(Shipboard Scientific Party, 1999). Additional facies recovered at these sites include 
burrowed mud with dropstones (site 1097), and horizontally laminated, massive, and 
graded sands (site 1103). Eyles et al. (2001) also describes foraminifera biofacies from 
these sites, reporting a range of foraminifer biofacies from reworked to well preserved in 
Package 3 sediments (Figure 21). The sedimentary facies recovered at sites 1097 and 
1103 were interpreted to represent a range of environments possible within a ‘fully 
modern’ glacial system by Barker and Camerlenghi (2002). Biofacies recovered at site 
Figure 21. Lithologic and chronostratigraphic summary of ODP Leg 178 sites 1097 and 1103. 
a) Summary of chronostratigraphy (Barker and Camerlenghi, 2002; based on the diatom 
analysis of Iwai and Winter, 2002), sedimentary facies (from Eyles et al., 2001 ; and the 
Shipboard Scientific Party, 1998), and biofacies (from Eyles et al., 2001). b) Lithofacies and 
biofacies recovered at site 1097 explanation and interpretations from the Shipboard Scientific 
Party (1999) (top) and Eyles et al. (2001) (bottom). c) Lithofacies recovered at site 1103 
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1097 are interpreted to represent proglacial till debris flows and subglacial deformation 
till (Eyles et al., 2001; Figure 21b). 
The diatom zone A. ingens v. ovalis (6.3-8.0 Ma) provides age control at both 
sites for most of Package 3 (Shipboard Scientific Party, 1999). At site 1103, additional 
constraints are provided by 40Ar/39Ar dating of volcanic glass and Strontium Isotope 
dating of barnacle fragments. The volcanic glass provides an age 7.6 to 150 Ma, for all 
samples, with one sample providing a range of 7.6 to 50 Ma at 340 mbsf (De Vincenzo 
et. al., 2001). A better fit is provided by dating of barnacle fragments at this site, resulting 
in a range of 7.4 (+1.5/-1.9) to 12.2 (+1.2/-1.1) Ma, at 262 mbsf (Lavelle et. al., 2001). 
Both studies conclude likely ages, less than 7.6 Ma and 7.4 to 7.8 Ma, respectively, based 
on the diatom zonation (A. ingens v. ovalis). Overlying Package-1 units, separated by an 
unconformity most likely representing a large time gap, are constrained by diatom zone 
T. vulnificata (<2.28 Ma) at ODP site 1103 (Figure 21a). 
At ODP site 1097, age of younger Package-3 is constrained by diatom T. 
oestruppi (6.05-6.18 Ma), and the youngest unconformity sampled here (3.4) is 
constrained to less than 4.85 Ma by the T. inura diatom zone. Age control for the 
youngest Package 2 unconformity, provided by the upper part of T. inura diatom zone, 
provides a minimum age for Package 3 unconformities in the southern segment that are 
not sampled at this site (i.e., 3.1, 3.2, and 3.3 are older than 4.62 to 4.85 Ma) (Figure 
21a).  
3.7. Correlation to Rise and Abyssal Sites (ODP Leg 178 sites 1095, 1096, and 1101 
and DSDP sites 322 and 325) 
 
Sites 1095, 1096, and 1101 penetrate drift deposits on the continental rise, 
whereas site 325 is located between drifts on the rise, and site 322 is located on the 
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abyssal plane. Site 1095 penetrates section estimated to range from 0 to 10 Ma, whereas 
the base of Package 3 is not sampled on the continental shelf. Site 1096 penetrates 
sediments coeval to Package 2 and possibly equivalent to the youngest unit(s) of Package 
3, but age control for the top of Package 3 (on the shelf) is too coarse to distinguish how 
much overlap exists chronostratigraphically. Site 1101 samples much younger sediments 
(Figure 22) 
At site 1095, from Quaternary down to Package-3 equivalent section is comprised 
of meter-scale, intensely bioturbated intervals with increased dropstones (i.e., IRD), 
capping 1-20 m of distal turbidites, which are interpreted to represent glacial-interglacial 
cycles, respectively (Barker et al., 1998; the Shipboard Scientific Party, 1999a and 
1999b; Pudsey, 2001). Within site 1095 section that is coeval with Package 3 sampled at 
site 1097 and 1103, >30 of these cycles are evident. Neritic diatom Paralia sulcata (the 
Shipboard Scientific Party, 1999) appears in greater abundance below 285 mbsf (>6.8 
Ma), which is interpreted to indicate a shallower shelf environment. The deepest 
sediments penetrated, > ~9 Ma age, consist of thin-bedded turbidites lacking the cyclicity 
seen in the overlying sediments (the Shipboard Scientific Party, 1999). 
Hillenbrand and Ehrmann (2001) recognize two distinct clay mineralogy 
assemblages, one characterized by <20% smectite and >40% chlorite and one by >20% 
smectite and <40% chlorite (Figure 23). They argue that the latter assemblage (<20% 
smectite and >40% chlorite) represents increased sedimentation from the nearby 
Antarctic Peninsula sources, which they infer to be caused by glacial grounding at the 
shelf edge. Based on analysis of the reported data of those authors, approximately 16 
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Figure 23. Comparison of bioturbation intervals with Chlorite/Smectite covariance at 
continental rise site 1095. The upper 300 m of bioturbation intervals are from Pudsey (2001). 
Bioturbation intervals below 300 m are from the visual description of the Shipboard Scientific 
Party (1999b). Chlorite/Smectite covariance was described by Hillenbrand and Ehrmann (2002).  
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interpretation of this proxy indicator is dependant on provenance studies and is different 
from the shift from smectite-dominated to illite/chlorite dominated mineralogy, 
recognized by Ehrmann & Mackensen (1992) from the earliest Oligocene and interpreted 
to represent a transition from chemical to physical weathering indicating the onset of 
West Antarctic continental glaciation. 
DSDP site 325 is located between drifts on the continental rise, while site 322 is 
located on the abyssal plane northwest of the Antarctic Peninsula. Both penetrate early 
Miocene/Oligocene to Quaternary sediments. Turbidite deposits were recovered at both 
sites, though sediments at site 322 were heavily influenced by bottom currents. 
Dropstones were present throughout Package-3 equivalent sediments at site 325 (Figure 
22; Shipboard Scientific Party, 1976a; Shipboard Scientific Party, 1976b). 
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Chapter 4. Discussion 
4.1. Depositional Model of Package 3 
Though package-3 horizons demonstrate erosional truncation of underlying 
horizons at all stratigraphic levels, which supports the unconformity interpretation of Bart 
and Anderson (1995), in three dimensions they show significantly different morphology 
from the modern seafloor. Most notably, the steep basinward tilt of the strata is markedly 
different from the foredeepening of the modern shelf.  This steep basinward tilt is 
considered to represent normal post-depositional subsidence, except where a clear 
morphological shelf break is visible (See Appendix C for a discussion). Additionally, the 
broad along-strike relief observed in the mapped surfaces, though of similar lateral extent 
to the modern bathymetric troughs, is of lower magnitude of relief than the modern 
bathymetry.  
The patchiness, due to crosscutting and limited basinward imaging (due to 
intersection with the WBM), of the Package 3 strata makes interpretation problematic. 
Though the most extensive surfaces mapped do exceed the dimensions of modern 
troughs, so do the wide gaps between the patches of Package 3 strata. Because of the 
patchiness of the strata, the mapped surfaces might represent broad trough bottoms, bank 
tops, or the flanks of banks. Furthermore, the dimensions of the gaps between horizons 
approach the width of modern bathymetric troughs, and therefore the mapped portions 
may correspond to the areas between large ice streams.  
Geometries observed in 2D and 3D are of a channel-cutting mechanism up-dip, 
broadening downdip, and terminating in deposition in a lobate form at or just before the 
morphologic shelf break is reached. In the south, the deep down cutting at unconformity 
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3.9 represents an apparent ‘lobe switching’ separating younger Package-3 units from 
older units (i.e., Units 3.1 through 3.9 are offset from Units 3.10 through 3.18 by a deep 
incision). This differs from the recent when, based on the modern bathymetry, it is 
inferred that streaming ice, originating from a continental ice cap, would produce a 
continuous trough feature, even with an originally gently basinward-dipping seafloor. 
Furthermore, it is inferred that during Package 1 and 2 time, shelf progradation occurred 
in very steep foresets, while aggradation occurred either as lodgement till or when ice 
streams did not reach the paleo-shelf edge and the toes of foresets, deposited on the shelf, 
were preserved when subsequent advances did not down-cut deeply enough to remove 
them (Bart and Anderson, 1995).  
On an ice-free shelf, bank morphology could result from along-shelf currents. 
Extensive cross-cutting could result from headward eroding canyons or major fluvial 
incision. A fluvial system would not account for the lateral dimensions of morphologic 
troughs (or channels) that are seen. Reduced truncation down-dip argues against the 
headward-eroding canyons as a mechanism. The observed coincidence of these features 
(i.e., trough and bank morphology and cross-cutting) requires very strong along-shelf 
currents or a glacial mechanism. Based on fine-grained sediments in the continental rise 
drift site 1095, Pudsey (2001) concluded that bottom currents were ‘never significantly 
stronger than at present during the last 7 ma and that the currents were not erosive’. 
While site 1095 is on the rise, a lack of much weaker bottom currents required to erode 
fine grained drift sediments does have implications for the intensity of shelf currents, 
where much greater strength would be required to erode coarser-grained shelf sediments. 
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The geometries and sedimentary facies observed most likely resulted from a 
glacial system in which ice advanced to the outer shelf, but one that lacked volume or 
streaming characteristics necessary to maintain continuous, channelized erosion across 
the shelf. Smaller-scale glacial configurations, such as a piedmont glacier or ice tongue 
(i.e. a shallow shelf and proximal source) would presumably result in prominent 
unconformities with trough and bank morphology, but lacking along-dip continuity in the 
magnitude of this topography. However, comparison of Package-3 unconformities with 
modern glacial tongues, such as the Drygalski Ice Tongue in the Ross Sea, which is 20 
km wide and the largest ice tongue in the Ross Sea (Anderson, 1999), suggests that these 
systems would result in a much smaller scale of trough feature than we observe in 
Package-3 time-structure contour maps. Presumably, the development of deep fjords on 
the Antarctic Peninsula contributed to channelization of flow into the ice streams that 
carved the modern bathymetry. Prior to the development of this terrain on the continent, a 
stagnant ice, line source, though with an undulatory bed, may have been the primary 
drainage of glacial ice from the continent. 
Two-dimensional models of ice grounding on the outer shelf, based on dip-
oriented seismic profiles, have been proposed to explain shallow subsurface stratal 
geometries in this study area (i.e., Larter and Barker, 1989; Anderson and Thomas, 1991; 
Bart and Anderson, 1995; and). During Package 1 and Package 2 time, the primary 
control on ice grounding at the shelf edge is proposed to have been sea level fluctuation 
driven, at least since younger Package 2 time, by northern hemisphere ice sheet 
development. Because of the great water depth during this time, it is inferred that sea 
level fall was required for ice to advance to the shelf edge, while sea level rise resulted in 
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catastrophic “float off” of grounded ice and retreat of the grounding zone in a very short 
time period (Hollin, 1962; Clark and Lingle, 1977; Thomas and Bentley, 1978; Anderson, 
1999). A shallower shelf, during at least older Package-3 time, suggests that this 
catastrophic float off was not a mechanism for grounding zone retreat. Moreover, all of 
Package 3 is older than the onset of northern-hemisphere ice-sheet development. The 
wider range of facies recovered from Package 3 sediments than in shallower units (i.e., 
massive diamicton was the primary facies recovered from Packages 1 and 2) at shelf sites 
1097 and 1103, though not conclusive evidence because of increased recovery possibly 
due to greater compaction in Package 3, suggests that a greater range of glacial 
environments, from sub-glacial to ice distal, occurred on the shelf during Package-3 time. 
This great range of environments could have been a result of a gradual retreat of the ice 
front, driven by local climate changes (e.g., lower precipitation rates on the Antarctic 
Peninsula), or by undermelting of ice shelves by impinging warmer waters (Potter and 
Paren, 1985; Jenkins and Doake, 1991; Jacobs et al., 1992; Jenkins et al., 1996; 
Anderson, 1991).  
A proposed model of the formation of Package-3 geometries, based on  ice 
grounding zone advance and retreat with deposition similar to the till tongue model (King 
and Fader, 1986; King et al., 1987 and King et al., 1991) is summarized in Figure 24. 
During the interglacial phase, ice-distal facies are deposited across the shelf. During the 
advance phase, grounded ice is erosive up-dip, deformation tills are deposited on the 
outer shelf, and proglacial gravity flows are deposited at or near the shelf edge. The 
retreat phase involves gradual recesion or incremental backstepping of the grounding 
zone, with proglacial sediment gravity flows deposited over deformation tills on the 
Figure 24. Generalized model of the development of Package-3 stratigraphy from seismic 
geometries observed in profile PD88-4. Interglacial phase (top), advance phase (center) and 
retreat phase (bottom), see text for discussion. Sedimentary facies are from the Shipboard 
Scientific Party (1999) and assigned based on the model, following  the environmental 




































outer- and mid-shelf. During the retreat phase, erosion on the inner shelf transitions to 
deposition of sub-glacial till and pro-glacial deposits as the the grounding zone migrates 
across incisions on the inner shelf. 
4.2. Number of Advances 
Chronostratigraphic control from the shelf sites allows some adjustments to be 
made to the stratigraphy of Bart and Anderson (1995) (summarized in Appendix B) and 
establishes with greater confidence the relationship of the imaged section in the north 
with that in the south.  
Where strike profiles cross bedding at or near the morphologic shelf break, 
increased bedding could represent an expanded record of grounding events, suggesting 
amalgamation of the unconformities counted from up-dip profiles where truncations are 
more evident. Up-dip, additional bedding within more channelized units could represent 
bedding planes within units or glacial unconformities that are of very limited extent due 
to truncation. 
Based on the maximum number of 15 unconformities in the southern segment of 
the study area (Table 2), a conservative estimate of 15 outer shelf grounding events 
during the late Miocene/early Pliocene is proposed. 
4.3. Relationship to Rise Sedimentology 
Sedimentary drifts on the Antarctic continental rise are interpreted to be the result 
of suspended fines transported away from turbidite channels by along-slope currents 
(Kuvaas and Leitchenkov, 1992; Tomlinson et al., 1992; Mcginnis and Hayes, 1995; 
Rebesco et al., 1996; 1997;). The drifts are believed to hold a complete record of margin 
sedimentation, unaffected by erosive events such as turbidite channel carving and shelf 
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glaciation, and are thus used to establish the timing and character of earliest continental 
glaciation (Pudsey and Camerlenghi, 1998; Barker et al., 1998; Shipboard Scientific 
Party, 1999). Sites 1096 and 1095 were drilled at the crest and distal portions, 
respectively, of a drift deposit to the south of the study area, while site 1101 was drilled 
basinward of the central part of the study area.  
The problems inherent in using distal sites as a proxy for grounding events on the 
rise include: 1) the Antarctic Circum-polar Current (ACC) was fully established by this 
time (Kennett, et al., 1974; Tucholke et al., 1976); 2) the probability of lobe/channel 
switching in turbidite deposition on the drift, and the lack of data available to resolve this; 
and. 3) determining the style and extent of continental glaciation. Moreover, the coarse 
age control and limited sampling of Package 3 at shelf drill sites, which provides an 
upper limit but only a very large range for the lower part of the section, with no lower 
limit, is insufficient to correlate individual Package-3 unconformities to the rise drill 
sites.  
The large difference between the minimum estimate of shelf grounding events 
(15), based on unconformities on the shelf, and the number of glacial cycles deduced 
from drift lithology (30) (Figure 25) suggests either 1) amalgamation of shelf glacial 
unconformities, or 2) lithologic alternations on the rise reflect phenomena unrelated to 
grounding events. Despite a sampling strategy designed to represent the glacial cyclicity 
inferred from bioturbated intervals at site 1095, the clay mineralogy fluctuations of 
Hillenbrand and Ehrmann (2001) do not match the timing or periodicity of the lithologic 
fluctuations. This chlorite-smectite covariance, interpreted to represent ~16 glacial 
episodes, shows much better correspondence to the minimum number of Package-3 
Figure 25.  Comparison of the number of glacial advances as inferred from unconformities on 
the shelf to the glacial/interglacial signal from indicators in sediments recovered from rise 
drift site 1095. No age or depth relationship is implied for outer continental shelf glacial 
events. Age data for sites 1097 and 1103 are provided by the Shipboard Scientific Party 
(1998), Di Vincenzo et al. (2001), and Lavelle et al. (2001) and summarized by Barker and 
Camerlenghi et al. (2001).  The upper 300 m of bioturbation intervals are from Pudsey 
(2001). Bioturbation intervals below 300 m are from the visual description of the Shipboard 
Scientific Party (1999b). Chlorite/Smectite covariance was described by Hillenbrand and 
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glacial unconformities (Figure 25). Though both the timing and frequency of glacial 
events inferred from these proxy indicators do not show correspondence with each other, 
the number of events that they record is within the same order of magnitude observed for 
shelf unconformities (Figure 25). This periodicity is greater than, and lacking the 
periodicity of, Milankovitch 100 ka eccentricity cycles, and thus it is inferred that orbital 
forcing was not a factor influencing APIS outer continental shelf grounding events during 
this period (Barker and Camerlenghi, 2002). However, the poor covariance between the 
two drift-derived proxies  demonstrates that one or both may be recording something 
other than grounding events on the adjacent shelf. 
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Chapter 5. Conclusions 
1) Outer shelf ice grounding events took place during Package-3 time, but streaming 
ice was not a significant factor in the glacial configuration. 
2) A minimum of 15 grounding events occurred during Package-3 time based on 
shelf seismic unconformities. 
3) The relationship of indicators of glacial cyclicity from the rise drifts, to that on the 
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Appendix A: Seismic Velocity Profile 
Tinivella et al. (2001) compare stacking velocity profiles and tomography profiles 
of a shelf transect from site 1103, through site 1100, and ending at site 1101.  Moerz et al. 
(2001) combine velocity analyses with well log data, and also use velocity data from 
ODP Leg 119 shelf site 739 in Prydz Bay (presumably an analogous glacial 
environment), to provide a depth migration of a short seismic profile segment across site 
1103 (Figure 26). Though there is disagreement between the velocity profiles that these 
approaches provide, the final depth migrated velocity profile of Moerz et al. (2001) 
matches well with the interpreted seismic section. The data that those authors present has 
an average velocity in package 1 of 2200 m/s and average velocity in package 3 of 2900 
m/s (Package 1 directly overlies Package 2 at this location). 
Correlation of shelf site 1097 to seismic profiles 88-B and 88-4 is problematic. 
The published data for the northern transect described above is not easily applied to the 
southern location. For example, Package 2 (seismic unit S2 of Larter and Barker, 1989) is 
present at this location but is not present at site 1103, where Moerz et al. (2001) provide 
well logging information. Shelfward of site 1103, where Package 2 is present in the 
northern ODP Leg 178 shelf transect, Tinivella et al. (2001) provide a detailed 
tomographic velocity analysis. However, Package-2 reflectors demonstrate foreset 
geometry in this northern part of the study area, whereas at Site 1097 Package 2 reflectors 
show topset geometry. The geometry suggests that glacial advances removed the topsets 
of Package 2 reflectors during Package 1 time in the north but not in the south. Moerz et 
al. (2001) based assumptions of velocity in the upper 75 meters of Package 1 at site 1103, 
where there was no core recovery, on an average of the upper 75 meters of all topsets 
Figure 26. Velocity models at ODP Leg 178 drill sites on the shelf. a) Chronostratigraphy at 
site 1103 from Barker and Camerlenghi (2001) compared to the depth-migrated positions of 
unconformities from Moerz et al. (2001) and the positions of Package 3 unconformities from 
NBP02-3. Note that the basal Package 1 unconformity overlies (erosively) unit 3.8 at this 
position. b) Chronostratigraphy at site 1097 from Barker and Camerlenghi (2001) compared to 






















































































































































































































































































































































































































































































































































































































































































































































































sampled at Antartic shelf drill sites (i.e., Prydz Bay and Ross Sea sites) of 2112 m/s. At 
this northern transect, Tinivella et al. (2001) show a consistent sharp velocity increase 
across the boundary between topsets of unit Package 1 and the foresets of unit Package 2, 
from 2700 m/s and lower in unit S1 to well over 3000 m/s in unit S2. Because of this 
evidence that foreset geometry has a higher seismic velocity, Package 1 and Package 2 
reflectors sampled at the southern ODP Drill Site 1097 were assigned a vertical seismic 
velocity similar to the Package 1 (topset) reflectors sampled at site 1103, rather than 
inferring a sharp velocity increase across the Package 1/Package 2 boundary. 
Note that the Package-3 horizons slope basinward in the area of Site 1103 but not 
at 1097. However, the horizons do not show foreset geometry similar to Package 2 
reflectors (i.e., Package 3 horizons have a steady slope and the package is more 
aggradational). Where Package 2 reflectors are present in the south, the complete bed 
from topset to foreset is present, as seen on line 88-B (Figure 3). This suggests that 
Package 3 reflectors in the north are post-depositionally tilted, due to subsidence in this 
area that began much later than in the south. Additionally, higher recovery rates of 
Package-3 sediments in cores from both sites, due to greater compaction, suggest 
similarity in seismic velocities. Therefore, the velocity model of Moerz et al. (2001) is 
accepted to be representative of all Package 3 topset reflectors (i.e., Package 3 reflectors 
at site 1097).  
To test whether this approximation is adequate given the poor core recovery at 
site 1097, the site 1097 stratigraphy reported by Barker and Camerlenghi (2001) was 
correlated to three depth migrations based on different simple velocity profiles (see 
Figure). The first velocity model of 2200 m/s in Packages 1 and 2, and 2900 m/s in 
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Package 3, is based on the velocities reported by Tinivella et al. (2001) and Moerz et al. 
(2001), discussed above (Figure 26). This provides the closest match between the contact 
between the packages on seismic profiles used in this study, and where they were placed 
on the stratigraphic column, with the bottom of the hole in an intermediate position 
between the other two velocity profiles. It is also readily apparent that the variation in the 
depth migration between the three models falls well within the uncertainty of the age 
control at this site. 
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Appendix B: Stratigraphy and Regional Correlations 
The seismic units S1 through S3 of Larter and Barker (1989), which were based 
on northern seismic profile AMG 845-08, was applied by the Shipboard Scientific Party 
(1998) directly to Packages 1, 2, and 3 of Bart and Anderson (1995) on southern seismic 
profile PD88-4 (Figure 4) for the purposes of interpretation of site 1097 (i.e., Package 1 is 
correlated to unit S1, etc.). However, the stratigraphic relationship of the horizons imaged 
in the north, and sampled by site 1103, to those in the south at PD88-4 and sampled at 
Site 1097, is not clear. Larter et al. (1997) rejected the regional correlation by Bart and 
Anderson 1995) of these horizons, arguing that the single strike profile (PD88-B) used by 
those workers was not sufficient to make those correlations with any confidence. The 
additional strike profile coverage used in this study, combined with age control provided 
by ODP sites, has provided the ability to establish stratal relationships across the study 
area with a greater degree of confidence and resolve conflicts between these two 
stratigraphic schemes. 
At site 1097, which is at the cross point of profiles PD88-4 and PD88-B (Figures 
4 and 3, respectively), the S2/S3 contact is described by Barker and Camerlenghi (2002) 
as conformable, and positioned chronostratigraphically within a similar time frame. 
However, the relationship of S2 to S3 at this location is defined by a glacial 
unconformity, seen on PD88-B (Figure 3), which may represent a large time gap. The 
coarse age control easily accommodates 3-4 >100 Ka glacial cycles, as represented by the 
three glacial unconformities missing at this site between the base of Package-2 and 
unconformity 3.4. A larger gap in the age control between unconformities 3.4 and 3.10, at 
this site, corresponds to this missing section (i.e., unconformities 3.5-3.9). 
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Based on diatoms recovered at Sites 1097 and 1103, adjustments are made to the 
stratigraphy of Bart and Anderson (1995) in the northern segment of Package 3. At site 
1097, Package 2 overlies Package 3, with a transition within the Thalassiosira inura 
diatom zone (~4.5 Ma). At site 1103 to the north, where Package 1 lies directly on 
Package 3, drilling data suggests that the top of Package 3 lies within Actinocyclus ingens 
v. ovalis (6.2 – 8.0 Ma) diatom zone. At site 1097, this older zone is not reached until 
much deeper. The stratigraphy of Bart and Anderson (1995) places unconformities 3.9 
and 3.10 at the top of Package 3 in both locations (Figure 21). Barker and Camerlenghi 
(2002) argue based on the diatom zones that Package 3 is a synchronous unit across the 
study area, but that younger Package 3 sediments are present at site 1097 in the south, 
whereas these units were removed at the unconformable Package 1 to Package 3 contact 
in the south. Based on this conflict in biostratigraphy, the Package 3 horizons sampled at 
Site 1103 correlate with unconformities 3.13 and 3.14 in the south. Previously, these 
horizons had been correlated based on counting down from the top of Package 3 and 
there is no purely stratigraphic control on the correlation of these horizons. Because of 
uncertainty in radiometric dates from 1103, this age control is not sufficiently compelling 
to adjust the revised stratigraphy based on seismic correlations. 
Line I95-152 (Figure 18), which follows the same course as line AMG845-08, 
was used by the Shipboard Scientific Party (1998) for seismic correlation between ODP 
Leg 178 sites 1100, 1102 and 1103 (in the north). The S3 horizons sampled at site 1103 
correlate with unit 3.6, and unconformities 3.13 and 3.14 on NBP02-3 (Figure 9), but are 
near the bottom of the section designated as Unit S3 on I95-152 (Figure 18) (i.e., the 
tilted beds are sampled up-dip at the base of the section). Correlation with PD88-B 
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(Figure 3), which crosses I95-152 basinward of site 1103 and up-section of Package 3 in 
this area, suggests that reflectors in this unit correspond to unconformities 3.6 through 
3.14. These units are overlain by unit S2 and truncated updip by the basal S1 reflector on 
I95-152 (Figure 18), which correlates to the bases of Package 2 on PD88-B (Figure 3) 
and Package 1 on NBP02-3 (Figure 9), respectively. On NBP02-3 and PD88B (Figures 3 
and 9, respectively), the youngest Package 3 unconformities, which are not present on 
I95-152, are truncated by the basal unconformity of Package-1 to the southwest of I95-
152 (Figure 18). To the north on updip profile NBP02-3 (Figure 9), Package 3 
unconformities 3.13 and 3.14 onlap basement (Unit S4 of Larter and Barker, 1989 or 
‘tectonized strata’ of Bart and Anderson, 1995; Table 1) and are overlain by Package 1.  
To the north on PD88-B (Figure 3), this study has re-assigned unconformities 3.3, 
3.4 and 3.5 to the overlying Package 2 based on cross-cutting relationships on NBP02-5 
and on the geometry of these layers being consistent with that of Package 2 on dip profile 
13. Basinward, on NBP02-5, Package 3 dips below the WBM (Figure 11). 
These adjustments and correlations reconcile the stratigraphy of Bart and 
Anderson (1995) with that of Larter and Barker (1989) as a direct correspondence 
between Package 1, 2, and 3 and Units S1, S2, and S3. All reflectors with Unit S3 are 
assigned to Package 3 and the bases of S2 and S1 are everywhere basal Package 2 and 1 
reflectors, respectively. The adjustments of the oldest unconformities in the north 
reconcile the stratigraphy with the new age control, and further supports the general 
synchroneity of deposition of Package 3 across the shelf. 
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Appendix C: Depositional Attitude of Package 3 Units 
The steep basinward tilt of the Package 3 strata in the northern segment has been 
explained in the past (Bart and Anderson, 1995, Larter and Barker, 1991) as resulting 
from rapid subsidence of previously foredeepened strata. Barker and Camerlenghi (2002) 
recognize the presence of the neritic diatom Paralia Sulcata from drift sediments of 
Package 3 age to suggest that the shelf was less than 100 meters deep, suggesting that the 
shelf may not have been foredeepened at Package 3 time. The Package 3 horizons imaged 
on I95-152 (in the north) have been interpreted to be foresets, based on sigmoidal 
geometry (Camerlenghi et al., 2002), deposited during glacial advance to the MSH. 
Previously, Anderson et al. (1991) had suggested that Package 3 horizons in the central 
and southern segment of the study area had been deposited during periods of sub-aerial 
exposure due to sea level drawdown, which allowed ice to advance to a steeply dipping 
shelf and deposit a prograding wedge from tidewater glaciers into the marine setting. 
Eyles et al. (2001) base their interpretations of Package 3 sediments sampled at both sites 
on basinward dip of the shelf at the time of deposition. 
Package 3 horizons sampled at site 1097, imaged on PD88-4, which Eyles et al. 
(2001) describe as ‘gently dipping (basinward),’ are clearly flat lying to landward dipping 
(Figure 4). Both Eyles et al. (2001) and Camerlenghi et al. (2002) assume that the modern 
dip of Package 3 at I95-152 is similar to the dip at the time of deposition of Package 3. 
Comparison of steeply dipping Package 3 horizons at I95-152 with basinward sigmoidal 
Package 2 foresets reveals that they do not show a similar geometry. Except for one point 
near the top of the section, the horizons do not show any change in slope down dip, even 
when traced below the WBM on the I95-152 MCS profile, and dip at lower angle than 
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foresets of Package 2, or at the shelf edge, so these are interpreted to be topsets. Tracing 
these horizons along strike profiles across this section reveals a trough geometry, rather 
than delta geometry, of these beds. Additionally, Package 3 horizons are less steeply 
dipping on PD88-12 and younger Package 3 horizons are truncated to northeast of PD88-
12 on NBP02-3 and PD88-B (south of I95-152). Barker and Camerlenghi (2002) argue 
that sorting of Package 3 diamicts, recognized by Eyles (2001) and interpreted by those 
authors to be a result of deposition as gravity flows in a continental slope environment, 
could be produced by some gravity sliding on a till tongue. This, and the parallel 
geometry of Package 3 horizons imaged on dip profiles, suggested to Barker and 
Camerlenghi (2002) that Package 3 was ‘everywhere a shelf deposit’  
The following order of events is inferred at I95-152 (site 1103): 1) Deposition of 
Package 3 topsets on a gently basinward dipping shelf; 2) Differential tilting at I95-152 
(i.e., to the north of PD88-12) syndepositional with glacial overriding and truncation 
during Package 2 deposition 3) Reduction in subsidence during Package 1 deposition, 
with erosion of Package 2 topsets. Moreover, steeply dipping beds across the study area 
are interpreted to represent topsets, except where a distinct sigmoidal geometry is present. 
These horizons therefore preserve the geometry of the primary transport (or erosive) 
mechanism, rather than pro-delta, quiet water sedimentation.  
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Figure 27. Seismic grid line locations. The following profiles are shown in the main body: PD88-B is 
shown in Figure 3; PD88-4 is shown in Figure 4; PD88-2 is shown in Figure 5; NBP02-5 is shown in 
Figures 6, 10 and 11; NBP02-6 is shown in Figure 7; NBP02-3 is shown in Figure 9; NBP02-8 is shown 
in Figure 14; PD88-11 is shown in Figure 16; PD88-12 is shown in Figure 17; I95-152 is shown in 
Figure 18. Interpreted seismic profiles PD88-7, PD88-8, PD88-9, PD88-10, and PD88-13 are shown in 
the following section. Package 3 is not observed on profiles PD90-56, PD90-58, NBP02-9, PD88-A, 
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